We present a first-principles investigation of the electronic and magnetic properties of an adatom on bilayer graphene within the framework of density functional theory. In particular, we study the influence of an applied gate voltage which modifies the electronic states of the bilayer graphene as well as shifts the adatom energy states relative to that of the graphene energy states. Our study carried out for a choice of three different adatoms, Na, Cu, and Fe, shows that the nature of adatom-graphene bonding evolves from ionic to covalent, in moving from an alkali metal, Na, to a transition metal, Cu or Fe. This leads to the formation of magnetic moments in the latter cases (Cu, Fe) and the absence of a magnetic moment in the former (Na). Application of an external electric field to bilayer graphene completely changes the scenario, switching on a magnetic moment for the Na adatom, and switching off the magnetic moments for Cu and Fe adatoms. Our results have important implications for fundamental studies of controlled adatom magnetism and spintronics applications in nanotechnology.
I. INTRODUCTION
It goes without saying that graphene and graphene-based structures are currently in the forefront of attention due to the wealth of properties exhibited by them, e.g., anomalous quantized Hall effect, high mobility, and carrier density controllable by external means. 1 Graphene also holds promises for spintronics. 2 As opposed to the case of diluted magnetic semiconductors, 3 where the location of impurity ions is unpredictable, adatoms can be placed on graphene in a controlled manner, using a scanning tunneling microscope. 4 The physics of an adatom on graphene has therefore been studied and explored in the context of local moment formation, 2, 5 Kondo physics, 6 interaction between adatoms, 7 adatom positional ordering, 8 etc. All these studies have been carried out mostly in the context of single-layer graphene. In recent times, attention has been given to an adatom on bilayer graphene as well. 9, 10 As is well known, while the single-layer graphene (SLG) is a zero-gap semiconductor with a linear Dirac-type dispersion around the Fermi energy, bilayer graphene (BLG), which is two coupled hexagonal lattices arranged according to Bernal (Ã-B) stacking, shows a parabolic dispersion around Fermi energy with a tiny band overlap (≈0.1 meV). 11 In comparison to SLG, BLG offers an extra tuning parameter in the sense that the presence of two layers gives rise to the possibility of tuning the potential on each of the two layers of BLG individually and thereby breaking the inversion symmetry between the two layers. 12 For example, a band gap is found to open up by one-sided chemical doping of BLG, 13 or a more controlled one through an electric field applied perpendicular to a BLG sample. 14 In an adatom-BLG geometry, the application of electric field perpendicular to BLG is expected to tune the adatom energy states, in addition to the band gap opening at the Dirac point. This is due to the fact that the impurity energy level, in general, will be positioned close to the top layer of BLG on which the adatom is placed. Following this expectation, turning on and off of the local moment of an adatom on BLG by an electric field has been proposed theoretically 10 in terms of calculations within the framework of the Anderson impurity model. To the best of our knowledge, no first-principles calculation exists on the problem of an adatom on BLG in the presence of an applied electric field. A first-principles calculation which takes into account all the structural aspects, including the structural relaxation that happens due to adatom absorption, the site preference of the adatom, and the chemical aspects, correctly is expected to provide a more realistic scenario and verification of the predictions made by the model study. 10 In this first-principles-based study, the absorption of three different metal adatoms on graphene is considered, which includes an alkali metal (Na) as well as transition metals (Cu, Fe). The magnetism of the adatom-BLG geometry, in the absence of applied electric field, is found to depend on the choice of adatom, which decides the nature of bonding between the adatom and the graphene layers. The formation of moment is found to be influenced strongly by the application of external electric field. The application of a field normal to the layers is found to turn on the magnetism in the case of Na on BLG, and turn off the magnetism for Cu as well as Fe on BLG, giving rise to the possibility of control of magnetism in adatom-BLG geometry by application of a gate voltage.
We start by giving the details of the computational technique, used in the present study in Sec. II. The result section, Sec. III, is divided into two parts. Section III A deals with the study of site preference of the adatom and the electronic structure of the adatom-BLG geometry in the absence of an applied electric field. Section III B is devoted to the main focus of the paper, the magnetism of adatom-BLG and its control by application of an external electric field. Finally, the summary and outlook are presented in Sec. IV.
II. COMPUTATIONAL DETAILS
We have carried out first-principle calculations to explore the structural, non-spin-polarized as well as spin-polarized electronic and magnetic properties of a single adatom on bilayer graphene both in the absence and in the presence of an applied electric field. Calculations have been carried out in two choices of basis sets: (a) the plane wave pseudopotential method as implemented within the Vienna Ab initio Package (VASP) 15 and (b) the full-potential linearized augmented planewave (FLAPW) method as implemented in WIEN2K. In order to model the adatom on BLG, one metal atom on a 4×4 BLG supercell was constructed with 64 carbon atoms plus one adatom in the cell, which amounts to a coverage of 1 adatom per 64 C atoms. Along the direction perpendicular to the bilayer, a 16Å inter-bilayer distance was used in order to minimize the interactions between bilayers of neighboring supercells, due to the periodic boundary condition. To facilitate the study of the effect of the electric field, the bilayer was centered around 0.25c, c being the length of the supercell along the z direction i.e., the direction perpendicular to the bilayer.
Structural relaxations were carried out within the density functional theory (DFT) framework as implemented in VASP. We used projected augmented wave (PAW) potentials 17 and the wave functions were expanded in the plane wave basis with a kinetic energy cutoff of 450 eV. Since the generalized gradient approximation (GGA) is known to fail for systems such as graphite or multilayer graphene, the structural relaxation was carried out within the local density approximation (LDA). 18 Within LDA, the intra-bilayer separation was found to be 3.31Å, which is in reasonably good agreement with the experimental value of 3.33Å for graphite, as compared to 4.21Å obtained within GGA. The Brillouin zone (BZ) sampling was carried out with a 11×11×1 -centered grid and Gaussian smearing of 0.05 eV. All the structures were optimized within the convergence criterion of 0.01 eV/Å for forces.
Ab initio DFT calculations using the all-electron method of full-potential linearized augmented plane-wave (FLAPW) as implemented in WIEN2K, were carried out on the optimized geometries obtained from plane-wave calculations for studying the electronic and magnetic properties of the adatom plus bilayer system both in the absence and in the presence of an electric field. We chose the APW + lo as the basis set. The commonly used criterion for the convergence of the basis set, relating the plane wave cutoff K max and the smallest atomic sphere radius R MT , R MT * K max , was chosen to be 7.0. As in the plane-wave calculation, LDA was used for the exchange and correlation potential. To investigate the effect of an external electric field on a graphene bilayer and adatom system within the setup of three-dimensional periodic calculation, a periodic potential that is almost linear in the relevant region is used, as in Ref. 19 . In particular, we used a periodic sawlike potential with BLG positioned in the linear region of the potential. 20 Self-consistency was carried out until the total energies were converged to within 0.001 eV. The BZ sampling is done over an 11×11×1 k mesh, as in the plane-wave calculation.
III. RESULTS
A. Site preference and electronic structure of an adatom on BLG
For a first-principles study of an adatom on graphene, it is an essential aspect to study the favorable absorption site for a given choice of adatom. In the model Hamiltonian study in Ref. 9 the adatom was assumed to be centered at C sites, while in Ref. 10 it was assumed to be positioned at the center of the hexagonal plaquette on the top layer. In reality, this should depend on the choice of adatom. We therefore start our study by calculating the site preference of the adatom. In order to estimate the site preference of three choices of adatoms, we calculate the absorption energy, defined as
where E abg is the total energy of the adatom and BLG, E a is the energy of an isolated atom, and E bg is the energy of the isolated BLG, all calculated in the geometry obtained from the positions of the atoms after relaxing the adatom + BLG geometry. We consider absorption of the atom on the three sites of high symmetry, belonging to the top layer of the BLG: the hollow (H) site at the center of a hexagon, the bridge (B) site at the midpoint of a carbon-carbon bond, and the top (T) site directly above a carbon atom. Table I lists the absorption energy calculated for Na, Cu, and Fe absorbed at three different positions. The preferred site is the one which has the largest adatom absorption energy. Table I also lists the adatom vertical height (h ad ) defined as the difference in z coordinate of the adatom and the average z coordinate of carbon atoms in the top layer of BLG, and the distance (d ad−c ) between the adatom and the nearest-neighbor C atom. We find that while Na and Fe prefer the H site, Cu prefers the B site, as shown in Fig. 1 . This is similar to the findings for SLG. 21 h ad is found to be significantly smaller for Fe compounds compared to Na, though they both prefer to sit in the H site, indicating a change in the nature of bonding between adatom and graphene, as one moves from alkali metal to transition metal.
Before we move on to the study of magnetism and the effect of external electric field on it, it is a worthwhile exercise to study the non-spin-polarized electronic structure of adatom + BLG, in order to gain knowledge about the nature of bonding between the adatom and the BLG and the perturbation caused by adatom absorption on BLG. The non-spin-polarized density of states also rationalizes the possible formation of Stoner-like instability which may drive the magnetic solution. Figure 2 shows the non-spin-polarized density of states (DOS) of the adatom on BLG, for Na, Cu, and Fe adatoms, in comparison to that of isolated BLG (shown in the topmost panel). The left panels show the DOS projected onto C atoms in the cell and the adatom states. For Na, projection only to the Na s state is shown, while for Cu and Fe, projections to both s and d have been shown. The insets show the zoomed view of the total DOS around Fermi energy (E F ). In the right panels, projections onto C atoms belonging to the top layer and bottom layer of the BLG have been shown separately, which is expected to bring out the asymmetry between the two layers driven by the absorption of the adatom as well as the differential hybridization of the two layers to the adatom.
Focusing on the Na case first, we find that the Na s state lies above E F , unoccupied, indicating charge transfer between the adatom and BLG. This suggests that adatom-BLG bonding is of ionic nature and close to one electron transfer from the 3s state of Na to graphene. This shifts E F from the Dirac point E D which is E F for isolated BLG to higher energy. The addition of Na, as is clearly seen, opens up a gap (≈0.16 eV) at E D . 22 The shape of the graphene states is found to be nearly unaltered compared to isolated BLG, indicating little or small hybridization between Na and BLG, except for the splitting between the states of the two layers due to the asymmetric charge transfer to the top and bottom layer of BLG.
For Cu, we find the Cu s state lies right at E F while Cu d states are completely filled, positioned at an energy ≈2.5 eV below E F . We find the projected DOS corresponding to the top layer shows significant change compared to isolated BLG with a peak right at E F , signaling hybridization and covalent bonding with the Cu s state, while that of the bottom layer shows comparatively less influence of the adatom. The addition of Cu also opens a gap at E D , though the size of the gap is smaller (≈0.1 eV) than that for the Na adatom, driven by increased covalency in the case of Cu, compared to Na.
Moving to the Fe adatom, we find the Fe s state to be completely empty, the charge being redistributed to Fe d-C p. The rather strong hybridization between Fe d and C p is visible, which is even stronger than that of Cu and makes the electronic structure of both top and bottom layers significantly modified, washing out the Dirac point completely. The stronger adatom-BLG covalency for Fe compared to Cu arises due to the shorter vertical height of the adatom for Fe compared to that of Cu (cf. Table I ) as well as due to different positioning of the Fe atom (H site) on BLG compared to that of Cu (B site). Fe d states are found to show a three-peaked structure. This is driven by the C 6v symmetry of the hollow site, which decomposes the d levels into two inequivalent two-dimensional irreducible representations E 1 (d yz , d xz ) and E 2 (d x 2 −y 2 , d xy ), and one one-dimensional representation A 1 (d 3z 2 −r 2 ), with the crystal field splitting, E 2 − E 1 ≈ −1.0 eV and A 1 − E 1 ≈ −0.7 eV. The E 1 doublet lies at E F , while the E 2 doublet and A 1 state are completely filled states.
The change in the nature of bonding between adatom and BLG, in moving from Na to Cu to Fe, is evident in the charge density plots, projected onto the xz plane, shown in Fig. 3 . The shape of the charge density around the adatom suggests the participating orbitals in bonding for Na on BLG, Cu on BLG, and Fe on BLG to be Na s, Cu s, and Fe d, respectively. Similarly, the charge transfer is defined as the charge density difference,
where ρ ad−BLG (r), ρ ad (r), ρ BLG (r) are the charge densities of the adatom-BLG system, the adatom without BLG, and isolated BLG, respectively, all calculated within the same relaxed geometry as that of the adatom-BLG. In order to have a single quantitative estimate ( q), the xy plane averaged¯ ρ(z) was integrated from the two graphene layers to the midpoint between the averaged z coordinate of the top layer of BLG and the z coordinate of the adatom. Table II , which lists H hyb as well as q for adatoms Na, Cu, and Fe, demonstrates the relative strengthening of the covalent character of the binding of adatom to graphene layers and the corresponding weakening of the ionic character of the same, in moving from Na to Cu to Fe. For Fe on BLG, rather strong hybridization to both top and bottom layers are observed. We note that within the periodic setup of the calculation, the adatom coverage is one adatom per 64 C atoms, and not exactly a single adatom limit, which may overemphasize the binding. However, the qualitative trend between Na, Cu, and Fe is found to be robust by comparing with the result of 3×3 supercell calculations.
B. Magnetism and effect of electric field
The non-spin-polarized DOS for both Cu on BLG and Fe on BLG show a highly peaked density of states at E F , which according to Stoner's criteria 24 indicates instability towards magnetic solution. Following this, we carried out spin-polarized calculation for Na on BLG, Cu on BLG, and Fe on BLG. The calculated magnetic moments, as shown in Table III , show a rather small moment (≈0.2 μ B ) for Na on BLG with a tiny moment at the Na site, a moment of ≈0.95 μ B for Cu on BLG and a rather large moment of 2 μ B for Fe on BLG. We find that for Cu on BLG, the magnetic moment in the cell is close to 1 μ B , the moment expected for a single unpaired electron (S = 1/2) in Cu 4s. For Fe on BLG, the magnetic moment of 2 μ B is found to arise from the two unpaired electrons (S = 1) in the ligand field split configuration, E 2 (↑↓↑↓) A 1 (↑↓) E 1 (↑↑)4s 0 with the TABLE III. Calculated magnetic moments (in μ B ) at the adatom site, at the neighboring C atoms to the adatom, at the interstitial, and the total magnetic moment within the cell, calculated without application of electric field. Interstitial refers to the region in between atom-centered muffin-tin spheres, used in the LAPW calculation. magnetism arising due to spin residing in E 1 orbital. We note that the E 1 (↑↑) configuration leads to an orbitally quenched situation with the effect of spin-orbit coupling (SOC) being minimal. The comparatively large moments at neighboring C atoms are observed for Fe on BLG, compared to Cu on BLG or Na on BLG, indicating again large hybridization between Fe adatom and neighboring C atoms. For Na on BLG, on the other hand, we find that the net moment in the cell is much smaller than the expected moment of 1 μ B from a single unpaired electron in the Na 3s shell. This happens due to the fact that the transferred electron from the Na 3s shell gets distributed among the C atoms in the graphene layers which provide an sp-bonded wide bandwidth that is unable to a support local moment. On the other hand, the positioning of Cu s or Fe d levels with respect to C sp levels is such that a covalent bond is formed between the adatom and the neighboring C atoms in the graphene layer with small or practically no transfer of electron from the adatom. The computed electronic structure in such cases is close to the scenario of the Anderson impurity model. The unpaired electron/electrons from the adatom are contained mostly in the sharply peaked DOS at E F with a small bandwidth of 0.5 eV or less, supporting the formation of a local moment. The S = 1 state in the d 8 configuration, as found for Fe on BLG, has been discussed in the context of Co on SLG. 25 For such a scenario, a rather high Kondo temperature has been predicted, which may be applicable for Fe on BLG.
The formation of the moment, which is dependent on the relative positioning of the adatom energy levels with respect to that of C energy levels, may be tuned through an external electric field, applied perpendicular to the BLG layers. In the next step, we therefore carried out calculation in the presence of finite electric field. To validate the reliability of our calculation, we first calculated the electronic structure of isolated BLG in the absence and in the presence of finite electric field. The calculated DOS and band structures are shown in Fig. 4 , for U ext = 0 eV and 1 eV, where U ext is defined as e × E z ex × d, E z ex being the external electric field along the z direction and d being the intralayer separation of BLG (set at 3.31Å). Our results reproduce the previously found theoretical 20 and experimental 13 results that application of finite electric field opens up a gap at the Dirac point. For U ex = 1 eV, the low-energy spectrum is found to develop a Mexican hat structure with a gap value of ≈0.25 eV, in good agreement with previous first-principles reports. 20 The application of the electric field makes the top and bottom layers asymmetric, as found from the projected DOS.
The results of application of the external electric field on the adatom on BLG is presented in Fig. 5 , which shows the non-spin-polarized density of states projected onto adatom states and C atoms of BLG, for various different values of the external electric field. The left panels are for Na on BLG while the right panels are for Cu on BLG. Focusing on the Na case first, we find that application of the electric field moves the position of the Na s level to lower energy, and for the choice of U ext = 3 eV, the half-filled Na s level lies right at E F , making the situation comparable to Cu on BLG, in the absence of an electric field. The presence of a finite electric field, though, makes the asymmetry between the top and bottom layer of BLG states (not shown in the figure) to in μ B ) at the adatom site, at the neighboring C atoms to the adatom, at the interstitial, and the total magnetic moment within the cell, calculated for various different values of external electric field. Interstitial refers to the region in between atom-centered muffin-tin spheres, used in the LAPW calculation. be more pronounced compared to Cu on BLG in the absence of electric field. The plot of the charge density, shown as insets, demonstrates further the change in the nature of the bonding of the Na adatom to BLG from ionic to covalent like upon application of electric field. This results in electric field assisted turning on of the magnetic moment considering the spin-polarized calculation, as found from the moments listed in Table IV . For U ext = 3 eV, the calculated moment is found to be as large as 0.95 μ B , very close to fully polarized moment of 1 μ B , arising out of one unpaired electron. For Cu on BLG, on the other hand, the application of electric field moves the peak corresponding to Cu 4s away from E F , making it more occupied with charge transfer from graphene layer to Cu s. This is reflected in the computed magnetic moment which drops from a value of 0.95 μ B for U eff = 0 eV to 0.68 μ B for U eff = 3 eV to a tiny value of 0.03 μ B for U eff = 5 eV. The Cu d states also show a downward shift upon application of electric field, remaining always fully occupied. The movement of Na s and Cu s upon increasing value of the external electric field is therefore complementary. While for Na on BLG, the increasing electric field shifts the Na s level closer to E F , making it from empty to a half-filled state, for Cu on BLG the electric field shifts the Cu s level away from E F , making it from half-filled to filled state, as is schematically shown in Fig. 6 . Figure 7 shows the effect of application of external electric field for Fe on BLG. As we find from Fig. 7 , application of the external electric field almost rigidly shifts the position of Fe d states, maintaining the three-peaked structure with peak widths and the crystal field splitting nearly the same. This causes the value of the total density of states at E F , N(E F ), to drop from a value of ≈35 states/eV/cell, for U ext = 0 eV, to ≈15 states/eV/cell for U ext = 3 eV, to ≈4 states/eV/cell for U ext = 5 eV, making magnetism less and less favorable. This is shown in the last columns of Table IV, Finally, a strong correlation effect becomes important in describing phenomena such as the multichannel Kondo effect and the associated non-Fermi-liquid behavior, observed for magnetic adatoms on graphene. However, the present computational framework is not a suitable framework in which to address that. For that one needs to include dynamical treatment of the strongly interacting 3d electrons, as carried out in Ref. 6 , or the renormalization group treatment as carried out in Ref. 25 . We have also carried out LDA + U calculations, with a choice of U = 4 eV and J H = 0.9 eV, applied at the Fe site. The LDA and LDA + U results are found to be very similar with respect to magnetic moments and occupations of the Fe d levels. Compared to the LDA results, LDA + U results tend to show a slightly higher moment at the Fe site (e.g., 1.91 μ B at the Fe site in LDA + U compared to 1.84 μ B in the LDA calculation, for U ext = 0 eV; 1.12 μ B at the Fe site in LDA + U compared to 1.017 μ B in the LDA calculation, for electric field U ext = 3 eV), without changing the basic conclusion. This trend is expected and in good agreement with findings in Ref. 6 , where GGA and the B3LYP hybrid functional (combination of GGA and Hartee-Fock exchange-correlation functional) 26 results were found to be remarkably similar, confirming that the static, mean-field way of handling correlation has little effect, and the basic electronic structure is described well by the band structure method, as far as the magnetic moments and d occupancies are considered.
IV. SUMMARY AND OUTLOOK
Employing density functional theory, we study the absorption of an alkali-metal adatom such as Na and transition-metal adatoms such as Cu and Fe on bilayer graphene, with the aim of studying the formation of the local moment. This encompasses single-orbital cases such as Na, Cu, for which it is the s orbital of the adatom that plays the key role in magnetism, as well as multiorbital situations such as Fe, for which it is the d-orbital manifold of the adatom that plays the key role. We study the absorption geometry, the basic electronic structure, and the bonding properties of adatom-BLG. Our study reveals that ionic bonding between Na and BLG disfavors formation of a local moment, while the covalent nature of bonding with minimal charge transfer between adatom and BLG, as in the case of Cu and Fe, promotes formation of a local moment. This scenario is affected strongly by switching on an external electric field, applied perpendicular to layers. The external electric field, in addition to affecting the electronic structure of BLG, moves the adatom energy positions with respect to graphene energy states, thereby changing the character of adatom-BLG bonding from ionic to more covalent-like, and vice versa. This switches on and off the adatom magnetism. Note that the strength of the electric field, for switching on and off the magnetism, predicted by DFT is found to be rather large, which presumably originates partly due to stronger screening in DFT. 20 Considering the state-of-the-art experimental condition, the effect reported in our study should be observable in the laboratory.
In the next stage, we wish to carry forward this study for the case of a pair of adatoms and the interaction between them. As predicted by the model calculation, 10 with the help of an electric field, it might be possible to tune the strength as well as the sign of the RKKY interaction that may be effective between two adatoms. It will be a worthwhile exercise to study this taking into account the realistic effects of chemistry and structure.
